Tebuthiuron (N-[5-(1, 1-dimethylethyl)-1,3,4-thiadiazol-2-y 1]-N,N' -dimethylurea) appears to control the riparian shrub saltcedar (Tamarix spp.); however, its use is restricted since the fate and effects of this herbicide in aquatic systems are unknown. Possible tebuthiuron impacts on aquatic production were examined in ten 2846-1 three-phase, open-system mesocosms. Each mesocosm contained sediment, water, algae, micro-and macroinvertebrates and fish, and was open to the atmosphere for gas exchange and colonization by indigenous macroinvertebrates and algae. The following nominal doses of tebuthiuron were used: 0 (control), 10,
Introduction
There are many water allocation and supply problems that western land resource managers must address (Hyra, 1978; Johnson, 1978 ). An issue of particular importance is that of saltcedar (Tamarix spp.) control. Saltcedar was introduced into the southwestern United States from Europe, Africa, the Middle East, and the Far East in the early 1800s for use as windbreak, shade, and ornamental trees (Smith & Rechenthin, 1964) . It has spread profusely, currently occupying over 400000 hectares of western floodplain lands (Larner et al., 1974) .
Saltcedar has a substantial water consumption rate, estimated at 28042 m 3 per hectare per annum (USDI, 1959) . Busby & Schuster (1973) studied a 112 km section of the Brazos River in Texas and estimated that this species complex consumes 54279235 m 3 of water annually. Considering concomitant usage of nutrients and space, saltcedar can significantly impact forage production, water supplies, and populations of terrestrial and aquatic organisms.
Although no satisfactory method of saltcedar control is in use at present, tebuthiuron (N-[5-(1,1 -dimethylethyl)-1,3,4-thiadiazol-2-y 1 ]-N,N'-dimethylurea) has been shown to be a potentially viable saltcedar regulator (Jones et al., 1978) . Tebuthiuron is a substituted urea herbicide that has widespread application for the control of many weed and brush species in the United States. It has not yet been approved or registered by the U.S. Environmental Protection Agency for use near streams and lakes, effectively precluding its use on saltcedar. Part of the reason for this status is the lack of information on the fate and effects of tebuthiuron in aquatic systems that may receive runoff from treated saltcedar-dominated riparian zones.
Research to date has determined acute and chronic tebuthiuron toxicity levels for selected fish, invertebrate, and aquatic plant species (Elanco Products Company 1983) . No examination of impacts to integrated multispecies/multitrophic-level assemblages, however, has been undertaken. The objective of this study was to determine the effects of tebuthiuron on phytoplankton productivity and standing crops of invertebrates and fish in multispecies mesocosms such that potential impacts of this chemical brush control agent on aquatic food chains may be evaluated.
Materials and methods

Mesocosm description and experimental design
Ten multispecies mesocosms were established outdoors on the Texas Tech University campus. Mesocosms used in this study were constructed to stimulate, as much as was possible, isolated pools in west Texas streams. Pools are important in these streams since flow is usually intermittent, restricting the aquatic biota to these habitats during periods of no flow. Tebuthiuron concentrations may be appreciably higher in isolated pools as opposed to habitats with inflow and outflow (e.g., shallow runs and riffles), enhancing the possibility of herbicide effects on aquatic organisms. Round galvanized steel tanks (2846 1 capacity) were partially filled with six centimeters of local topsoil (90.3% sand, 3.0% silt, 6.7% clay, 7.8 pH, 1.5% organic matter, and 6.1 meq/100 g soil cation-exchange capacity). Four 0.25 m 2 Hester-Dendy plate invertebrate samplers (Hester & Dendy, 1962) were placed on the sediment surface and four sediment sampling devices (1 1 plastic bags attached to 185 cm 2 metal frames) were buried in the sediment of each tank.
Tanks were filled with water from a local playa lake, and dechlorinated municipal water was used to maintain the initial water level at a depth of 0.55 m (2083 1). Thus a relatively high surface-tovolume ratio was created in each mesocosm, similar to that found for stream pools.
The outdoor location allowed exposure to area weather conditions and colonization by indigenous macroinvertebrates and algae. Additionally, each system was innoculated with approximately 45 1 of water from the littoral zone of a local eutrophic pond. Phytoplankton and invertebrate communities were allowed to develop na-turally through colonization and succession for 30 days before the mesocosms were dosed with tebuthiuron. A 30-day colonization period was deemed adequate since other researchers, investigating insect recolonization of previously stressed lotic systems, found that attainment of maximum density on artificial substrate samplers usually occurred from 21 to 30 days (Sheldon, 1977; Meier et al., 1979) .
One day before treatment (22 July), sixty-five 1.6 cm fathead minnow (Pimephales promelas) larvae were stocked in each mesocosm to allow the assessment of potential tebuthiuron impacts on a typical west Texas stream fish species. The addition of this level of organization was also important because macro-secondary consumers frequently influence the rest of the system (Pilson & Nixon, 1980; Carpenter etal., 1985) .
The following nominal doses of tebuthiuron , 1982) , the control and the 200 pg/l treatment level were replicated (three tanks each) to allow for additional statistical comparisons of treatment effects. The remaining four nominal treatment levels were not replicated. Data generated from all mesocosms were used in correlation and tebuthiuron fate analyses. Water samples (1 1) were collected eight times (-1, 1, 3, 7, 14, 34, 64 , and 108 days after treatment [DAT]) from each mesocosm for analysis of tebuthiuron concentrations. Each sample was a composite of 250 ml aliquots collected from the surface of each mesocosm quadrant. Sediment samples were collected four times ( -3, 7, 64, 108 DAT) from each tank for tebuthiuron analysis. Tebuthiuron concentration in water was determined by gas chromatography using a flame photometric detector. Spiked water samples of 10#,g/ 1 and 1000 ig/ 1 indicated recoveries of 93% (coefficient of variation (CV) = 7.44 ) and 98 % (CV = 1.96 %), respectively. Sediment tebuthiuron residues were determined using gas chromatography/flame photometric methods for the -3-DAT and 7-DAT samples and gas chromatography/mass spectrometric methods for the 64-DAT and 108 DAT samples. These two methods were found to be linearly correlated (r 2 = 0.96, P < 0.001) and hence were considered to supply essentially identical analyses. Spiked sediment samples of 100 4g kg -' and 500 g kg -resulted in recoveries of 58% (CV = 12.00%) and 54% (CV= 18.00%), respectively. All tebuthiuron measurements in water and sediment in this study were adjusted according to these standardizations. Analyses were conducted by the Analytical Chemistry Group of Lilly Research Laboratories at Greenfield, Indiana, according to inhouse analytical procedures (Loh et al., 1978) .
The adsorption of herbicide by the sediments as a function of herbicide concentration in the water was described by the Freundlich equation (Peck etal., 1980) : x m -= kc 1/n where x/m is the amount of tebuthiuron adsorbed per unit mass of sediment (g kg '), c is the concentration in water (gl-'), n is a constant, and k is the Freundlich adsorption coefficient.
Primary production in each mesocosm was assessed 15 times ( -9, -7, -1, 1, 2, 3, 5, 7, 11, 14, 35, 42, 57, 64, 106 DAT) using the light bottle/dark bottle technique (Vollenweider, 1974) . Initial dissolved oxygen levels were measured and duplicate light and dark bottles were placed at mid-depth (0.3 m) in each tank from 1000 h to 1600 h. After removal, bottles were immediately placed in ice, transported to the lab, and analyzed for dissolved oxygen content with a YSI oxygen meter (within two hours).
Density and biomass of aquatic invertebrate species were measured four times ( -3, 7, 64, 106 DAT). Hester-Dendy samplers were removed from each mesocosm and all attached material scraped and rinsed from the plates. This material was preserved in 70% ethanol for later identification, separation by taxa, enumeration, and dry weight biomass determination (Lind, 1979) .
Chironomid larvae (Diptera: Chironomidae) were the only macroinvertebrates analyzed for the following reasons: 1) chironomids are abundant in most natural aquatic and semiaquatic habitats and usually account for at least 50% of the com-bined macroinvertebrate species composition (Coffman, 1978) ; 2)chironomids are very valuable as fish food organisms (Lee etal., 1980) ; 3) chironomids often have been used as indicators of lentic productivity (Saether, 1980) ; and 4) chironomids composed 99 % of the density and biomass of the macroinvertebrate 'assemblage' collected on the artificial substrate samplers of this study.
Fathead minnows were sampled by electrofishing six times (3, 7, 14, 41, 56, 116 DAT) . In contrast to the other biotic components, characterization of the initial state of the fish component in each mesocosm was unnecessary. Individual live weights from each sample date were summed to estimate total biomass in each system. Spearman Rank Correlation analysis was used at each sample date to determine if linear relationships existed between either primary production, chironomid density, chironomid biomass, or fish biomass and tebuthiuron concentration (n = 10). Post-treatment data for each biotic component (except fish) was adjusted by subtraction of pretreatment values. To illustrate, for a particular mesocosm during a sample date, median pretreatment primary production was subtracted from the post-treatment primary production value. Adjusted primary production values and corresponding median tebuthiuron concentrations were used in correlation analysis at the sample date. For correlation analysis between two biotic components (over all time), the median of all adjusted values for each component was used.
The analysis of variance (ANOVA) repeatedmeasures procedure was employed to test for treatment effects in phytoplankton production, chironomid density and biomass, and fish biomass at the 200/,g 1-' nominal treatment level. As with correlation analysis, all post-treatment values were adjusted by subtraction of pretreatment values.
Results and discussion
Water quality variables were similar among mesocosms (Table 1) . Continuous evaporation and municipal water addition caused consistent increases in alkalinity, hardness, pH, and total dissolved solids during the experimental period. Despite these increases, all water quality values are within those typically observed in some western Texas streams (USGS 1979) .
Tebuthiuron fate:
The partitioning of tebuthiuron between water and sediments in the mesocosms (Table 2) can be described by the Freundlich equation x/m = 3.24c°6 8 (Peck et al., 1980) . The good fit of the experimental data to the Freundlich model (r 2 = 0.83) indicates that tebuthiuron partitions in response to normal chemical equilibria.
Whereas tebuthiuron concentrations in water decreased in each mesocosm over the experimental period, no consistent concentration pattern in sediment was observed (Table 2) . At the final sample date (109 DAT), 14.9 to 32.0% of the actual initial inoculum was unaccounted for in each system. Although not volatile (2 x 10 -6 mm Hg at 25 C), tebuthiuron has been found to be susceptible to breakdown through both metabolism and direct photodecomposition (Morton & Hoffman, 1967; Elanco Products Company, 1983) . Since residue analysis was performed for the parent compound only, biodegradation and photodecomposition of the parent compound could account for the loss of a significant portion of the herbicide.
Tebuthiuron effects:
Pretreatment measurements of primary production, chironomid density, and chironomid biomass were tested for correlations with median tebuthiuron concentration. Although chironomid density (r = 0.42, p < 0.223) and biomass (r = 0.19, p < 0.608) were not correlated with median concentration, there was a significant negative relationship of pre-treatment primary production and median concentration (r = -0.63, p < 0.051). To compensate for this pre-treatment +l +l +l +l +l +l +l +l +l +l
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. .D C' Ca 0z v pattern, post-treatment primary production measurements in each mesocosm were adjusted by subtraction of mesocosm median pretreatment primary production values. We also felt that it was appropriate to adjust post-treatment chironomid density and biomass data in the same manner. Part of this rationale was based on a commitment to a conservative, consistent analytical approach. Another related reason stemmed from the high variability exhibited in our systems. Average coefficients of variation calculated for the control and 200 #g I -dose level chironomid data were above the range considered acceptable for replication (10 to 30%, Giddings & Eddlemon, 1979) .
The analysis of variance (ANOVA) repeated measures was selected over the analysis of covariance (ANACOVA) repeated measure as a tool for comparing biotic component characteristics between the 0-and 200/Mgl-1 treatments. This position was taken since an important condition of the ANACOVA was not met, namely that the slope of the post-treatment data on the covariate (i.e. pre-treatment primary production, chironomid density, or chironomid biomass) is significantly different from zero. No biotic component met this condition (lowest probability was p < 0.276). Thus, the most powerful test is the ANOVA repeated measures (on adjusted data).
Phytoplankton primary production was negatively correlated with tebuthiuron concentration at 42-, 57-, and 64-DAT (Table 3) . These dates essentially corresponded to peak primary production as exhibited in the control mesocosms during the experimental period (Table 4 ). There were no correlations at any of the other nine post-treatment dates. Conversely, when comparing primary production effects of the replicated control and 200 Mg I ' treatments, no differences occurred over all time (Table 5) or at any date (Table 6 ). This discrepancy may be a result of an effectthreshold level located somewhere between the 200 g 1-1 and 500 ig 1 ' nominal doses. This conclusion is supported by the Price et al. (1989) tebuthiuron study, wherein 180 Mg 1-tebuthiuron did not depress algal production in 400 ml microcosms. Moreover, the only detectable effect~8 8.5c Table 5 . Primary production, chironomid density and biomass, and fish density in mesocosms receiving six nominal doses of tebuthiuron. Means were generated from adjusted post-treatment values (post-treatment value minus pre-treatment value) and are representative of the entire experimental period. Probability values are listed for replicated 0 pg 1 -' (control) and 200 pg 1 -treatment comparison.
Nominal n Primary production Chironomid density Chironomid biomass Fish biomass tebuthiuron in that study was a slight shift in algal community structure. Toxicant-produced shifts in assemblage structure without concomitant depression in production may be a common phenomenon (Ryther, 1970; Ferens & Beyers, 1972; Couch & Nelson, 1982; Moly & Ruber, 1983) . Chironomid density and biomass were negatively correlated with tebuthiuron concentration at 64-and 106 DAT ( Table 3) . As observed with primary production, negative correlations developed during periods of elevated standing crop (Table 7 ). In addition, chironomid density was significantly lower in the 200 ptg 1-' treatment compared to the control (Table 5 ). This difference primarily was a consequence of substantially lower density at 64 DAT. This finding is similar to that noted in other toxicological studies (Bowling et al., 1980) . Only during peak macroinvertebrate density of the control systems were differences between treatment densities apparent (Bowling et al., 1980) . Since density differences between treatments can be time dependent, the researcher should observe the experimental systems over an extended period. This will help assure the detection of treatment effects if they occur.
Although chironomid biomass did not differ between the control and 200 Ig 1-' treatments Table 6 . Primary production, chironomid density, and chironomid biomass in the control and 200 pg 1-nominal tebuthiuron dose treatments. Probability values generated from ANOVA repeated measures analysis. Means were derived from adjusted post-treatment values (post-treatment minus pre-treatment value). DAT = days after treatment.
DAT Primary production (X 02 mg I 'hr -') Chironomid density (X # m-2) Chironomid biomass (X g m -2) (Table 6 ), a clear trend of lower biomass in the 200 #,g 1-treatment was evident. We suspect that there are biomass effects at the 200 jig 1-level, as supported by a correlation between chironomid biomass and density in all mesocosms (r = 0.65, p < 0.043).
We surmise that depressions in chironomid density with increasing tebuthiuron concentration were due, in part, to reduced primary production and/or an algal species shift. The strong correlation of chironomid density with primary production (r = 0.74, p < 0.010) supports the first supposition. In addition, Canton & Chadwick (1983) found that multi-plate artificial substrate samplers, similar to those used in the present study, selected against the insect scraper guild (periphyton and vascular-hydrophyte herbivores) and favored filterers and gatherers (having diets that may contain proportionally greater amounts of phytoplankton). There is evidence that an algal species shift may occur as a result of tebuthiuron concentrations approximating 200 #g 1- (Price et al., 1989) . A shift to unfavorable algal species may explain the chironomid density depression at 200 g 1-'. It is possible that algal species shifts in response to tebuthiuron concentrations at or below 200 jg 1-' cause chironomid density depressions, whereas decreased primary production and/or algal species shifts are responsible for density depressions at tebuthiuron concentrations greater than 200 g 1-'. Reductions in chironomid density at 200 /g 1-' may have significant negative consequences for insectivorous predators (e.g. fish) in sandy west Texas stream systems.
Fish biomass was not affected by the range of tebuthiuron doses used in this study (Table 3 , 5, and 7). Moreover, fish biomass was not correlated with primary production (r = 0.38, p < 0.283), chironomid density (r = 0.37, p < 0.293), or chironomid biomass (r = 0.12, p < 0.751). These findings may be due largely to two factors. First, the fathead minnow populations in each mesocosm may not have been close to system carrying capacity. Any reductions in food sources would be less likely to affect a population below equilibrium. All other investigated biotic components 
E .
U presumably had sufficient opportunity to closely approach carrying capacity. Secondly, the feeding strategy of fathead minnows may have buffered them from herbicide effects to the system. Fathead minnow diets in our systems included chironomid larvae, aquatic beetles, and algae. Natural populations of fathead minnows have been found to be omnivorous as well (Pflieger, 1975) , which is a common feeding strategy of many endemic fish species in the western U.S. (Lee et al., 1980) . Omnivory is advantageous in fluctuating or perturbed environments because it allows the animal a much larger food base as compared to more specific feeders (Dill, 1983) , resulting in greater population stability (Murdoch et al., 1975) . In contrast to our results, others (Goodyear et al., 1972; McConnell, 1965) have found a significant relationship between primary production (gross photosynthesis) and production of herbivorous and omnivorous fish species. Mesocosms used in those studies did not contain a sediment component, which may have precluded significant benthic macroinvertebrate production; therefore, fish may have been forced to narrow their food base. Any changes in phytoplankton production in such systems would essentially be a change in the overall food base; hence, there is a greater chance for alterations in primary production to be reflected in the fish population. Hall et al. (1970) studied mesocosms containing both water and sediment (more similar to mesocosms used in this investigation). They also noted no relationship of fish production to benthic production despite the fact that the omnivorous test fish fed largely on benthic macroinvertebrates. The three-phase mesocosm's (i.e. containing primary, secondary, and tertiary producers) broader food base, which is a more-accurate reflection of natural systems than the two-phase systems discussed above, might be responsible for this lack of correlation. Likewise, the broad food base available in the mesocosms used in our study may have lessened the dependence of fathead minnows on any one component, thus partially isolating the fish population from perturbations to a lower trophic level (i.e. chironomid density). Accordingly, omnivorous fish species in the wild may not be affected by tebuthiuron concentrations ranging up to 200 g 1-1. Tebuthiuron effects on insectivorous fish species should be investigated since depressions in chironomid density, an important macroinvertebrate group, occurred at 200 g 1-'
